A B S T R A C T The fourth component of human complement (C4) in 102 individual plasma samples has been examined by the technique of antigen-antibody crossed electrophoresis (AACE). Electrophoretic heterogeneity of C4 was manifested by the repeated occurrence of seven different precipitin patterns. These patterns were formed by varying combinations of three subtypes of C4, differing in electrophoretic mobility. The subtypes were designated C, A, and A,, in order of increasing electrophoretic mobility toward the anode. The evidence that the observed electrophoretic heterogeneity of the C4 molecule represents structural polymorphism rests on five points: the pattern obtained from the plasma of a given individual was reproducible in different runs and with different bleedings; all seven patterns could be demonstrated on the same electrophoretic run; C4 of a given subtype retained its characteristic mobility after purification, when run alone or mixed with plasma containing C4 of other subtypes; the subtypes A, and C comprising pattern 6 could be separated chromatographically as well as electrophoretically; and the characteristic relative mobilities of different C4 subtypes, in plasma or after purification, were retained even after the rather large shift in mobility associated with conversion to C4i. The ratio of C4 hemolytic activity to protein concentration varied according to the subtype composition of individual samples, with highest ratios occurring with patterns composed of subtype C alone, intermediate values with patterns consisting of A and C, and lower values occurring with patterns containing subtype A alone. Although the mechanism of inheritance of this polymorphism is not yet clear, the data suggest that subtypes A and A, are inherited as autosomal codominant characteristics, independent of the inheritance of subtype C.
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In the complement system, polymorphism has been described involving either changes in mobility or variations in quantity or functional activity of several components. Two types of polymorphism manifested by diminished function are illustrated by. the disease hereditary angioedema (HAE). In some families, the affected individuals are deficient in the inhibitor of Cl (CiINH) measured both functionally and immunochemically (6, 7) . In other families (6), the protein is present immunochemically but lacks functional activity, implying a structural alteration of the molecule near its functional site. In the case of hereditary deficiency of the second component of complement (C2), the deficient state is transmitted as an autosomal characteristic, with heterozygotes having levels of C2 protein and function about one-half that of normals, and homozygotes having 4-5% of the normal level (8, 9) . In the case of C3, Alper and coworkers have described a number of elec-'The nomenclature used conforms to that agreed upon by the World Health Organization (Bull. World Health Organ. 39: 935). E refers to sheep erythrocytes, A to rabbit antibody to E. In order of their reaction, the components are designated C1, C4, C2, C3, C5, C6, C7, C8, and C9. The activated state of a component is signified by a bar above the number, e.g., Cf. (10) .
The fourth component of complement (C4) is present in serum at a concentration of approximately 400 IAg/ml, about one-third that of C3. When agarose, paper, or starch-block electrophoretograms of whole serum or plasma are stained for protein, no band corresponding to C4 can be reliably identified. In order to examine the electrophoretic behavior of C4 in individual plasma samples, it was therefore necessary to adapt Laurell's technique of antigen-antibody crossed electrophoresis (AACE) (11) . With this method, polymorphism of C4 is clearly apparent, and a genetic basis appears likely. METHODS 7 ml of blood from volunteer subjects were drawn into B-D Vacutainer tubes containing 9 mg disodium ethylenediaminetetraacetate (Na2EDTA) and promptly centrifuged at 40C. In most cases, the plasma was frozen at -70'C within 2 hr after venipuncture; occasionally, plasma was held at -20'C for 1-2 days before being transferred to a -70'C freezer.
Donors were chosen at random from laboratory personnel, but follow-up of family members was frequently based upon the finding of an unusual pattern. All subjects were American Caucasians.
Isolation and measurement of complement components
Human C4. C4 was purified from serum of individual donors according to the method described in (12 
Preparation of antiserum to C4
Two rabbit antiserums to human C4 were used in this study. One rabbit (C4-1) received, over a 5 month period, 2.3 X 10' EAC4 (15) in Freund's complete adjuvant administered in the toe pads, followed by 110 ug of partially purified C4 from pooled human serum (12) injected intravenously, followed by C4-anti-C4 precipitin arcs cut from a washed immunoelectrophoresis plate and administered in Freund's complete adjuvant into the popliteal lymph nodes of the rabbit. The resultant antiserum, obtained 2-4 wk after the final injection, was rendered monospecific by absorption with 4 mg/ml of lyophilized serum from a patient with HAE (having less than 50 jug of C4/ml) and with 20 mg/ml of Cohn fraction II. The absorbed antiserum gave a single line on immunoelectrophoresis and Ouchterlony analysis against normal human serum and against partially purified C4 from this laboratory as well as highly purified C4 kindly supplied by Dr. Hans Muiller-Eberhard. The arc produced by antiserum C4-1 in immunoelectrophoresis against normal human serum was identical in position to and fused with the arc produced by a specific antiserum to C4 kindly supplied by Dr. Muiller-Eberhard.
The second rabbit (C4-4) received, over a 3 month period, one dose of C4-anti-C4 precipitin arcs administered in Freund's complete adjuvant into the popliteal lymph nodes, and two intravenous doses of 100 ug of partially purified C4 prepared from pooled human plasma by the method of Muiller-Eberhard and Biro (16) 
Antigen-antibody crossed electrophoresis (AACE)
The method of Laurell was modified, using barbital buffer, pH 8.9 (4°C), ionic strength 0.04, containing 0.002 m EDTA. The apparatus initially used was patterned after that designed by Laurell (11) Analysis of C4 hemolytic activity (0 0 ) eluted from one of a pair of agarose strips obtained after the initial short electrophoretic run; the strip was cut into 2-mm sections. The other strip was analyzed en bloc by AACE; 0---0 represents height above the baseline of the C4 precipitin pattern corresponding to the sections eluted from the first strip. Anode is to the left.
RESULTS
Partial conversion of C4 to C4i during electrophoresis of serum. When AACE was performed on plasma samples using a short initial separation, only single C4 peaks were observed; but if serum samples were used, double peaks were frequently seen. When EDTA (0.005 mole/liter final concentration) was added to the serum before electrophoresis, only one peak was produced, which was in the same position as that seen in plasma (Fig. 1) . Addition of 0.005 M CaCl2 to the EDTA-containing serum before electrophoresis reversed the EDTA effect. When the protein was eluted from the initial separation and tested for C4 hemolytic activity, it was found that the more anodal of the two peaks formed from serum had no hemolytic activity (Fig. 2) . If the Cl was removed from serum by precipitation at ionic strength 0.04 and pH 7.5 (17), the resultant pseudoglobulin fraction produced only the cathodal, hemolytically active C4 peak on AACE. C4i produced by treating purified C4 with Cl migrated in the same position as the inactive anodal peak from serum (Fig. 1) . Accordingly, EDTA plasma samples were used for all electrophoretic studies.
Electrophoretic characteristics of C4 in individual plasmas. When individual plasmas were studied by AACE using short initial electrophoretic separations, only single peaks of slightly variable shape were seen. Among 102 plasmas examined by AACE using prolonged initial separations, seven patterns were seen repeatedly (Fig. 3) . Despite minor differences between individual runs, the pattern produced by the plasma of a given Individual from the same or different bleedings was reproducible from run to run; patterns were not influenced by freezing and thawing up to five times. centration, the semiquantitative techniques used for sample application and for transferring gel from the initial electrophoresis plate to the antibody containing plate precluded accurate estimation of C4 concentration in starting samples from this parameter.
Persistence of electrophoretic characteristics after isolation of C4. To help differentiate between polymorphism intrinsic to the C4 molecule and that of a hypothetical protein in plasma to which C4 binds, C4 (preparation C4H18-2) was isolated from the serum of the subject whose pattern 2 is shown in Fig. 3 . When this partially purified protein was run on AACE against anti-whole human serum, the only precipitate seen in the region cut was that of C4. AACE analysis with anti-C4 revealed that this preparation had the same mobility as it had in the original plasma. The addition of this C4 of subtype A to plasmas of patterns 3 and 5 did not change its anodal mobility as analyzed by AACE; the C4 in the carrier plasmas migrated in their original cathodal positions (Fig. 4) Preservation of electrophoretic differences after conversion to C4i. A purified C4 preparation (C4H17-2), isolated from the serum of a donor of type 1 before any knowledge of the electrophoretic heterogeneity 'was available, contained C4 which was predominantly of subtype C, presumably because of the manner in which fractions from the original DEAE-cellulose column were pooled. This preparation was easily distinguished from C4H18-2 on AACE. When each of these purified C4 preparations was treated with Cl, the resultant C4i preparations migrated much faster than the original C4, and maintained the same relative differences in mobility as had been observed with the untreated C4 preparations (Fig. 5) .
When serums from subjects of types 1 and 6 were incubated with zymosan, partial conversion of their C4 to C4i occurred. It can be seen in Fig. 6 FIGURE 8 Gol family. Numbers within the circles (females) and C4 patterns on AACE (see Fig. 3 ). ples containing completely or predominantly C4 of subtype A (patterns 2 and 4) than in those samples with slower moving C4 (pattern 3); plasmas of patterns 1 and 5 have intermediate values (Fig. 7) ; two individuals with pattern 6 had values of 73 and 84 Using; these values are lower than those observed in individuals with pattern 1, implying that the substitution of subtype Al for A is associated with a reduction in specific functional activity. Since it has not yet proved possible to prepare purified C4 with 100% of the activity of the same protein in whole serum or plasma, verification of this trend by analysis of purified preparations is not available. Elution of C4 from the agarose strips is not sufficiently quantitative to detect small differences in the activity of separate peaks reliably, but reveals that all three subtypes have hemolytic activity. Family studies. The results of matings so far studied are shown in Table I . C4 migrating in the anodal region A1 (patterns 6 and 7) has been found in only two kindreds so far (families Gol and Gra), and in one of these families (Gol) has been found in each of the three generations studied (Fig. 8) . All of the offspring of the two individuals of type 6 had patterns containing at least some C4 of subtype Ai (pattern 7), and in each case it appeared to replace part of the A peak rather than the C peak.
Another informative mating was that between two individuals of pattern 5, which yielded three offspring, two of pattern 5 and one of pattern 3 (Fig. 9) . The only other individual of pattern 3 for whom genetic data were available was the product of a mating between individuals of patterns 1 and 5 (Fig. 10) . From Table I which of the Cl-cleaved fragments of C4 contains the structural heterogeneity, but in all likelihood, it resides in the larger fragment. Cann and Goad (19) have described the phenomena of electrophoretic heterogeneity of a single macromolecule resulting from reversible binding with buffer constituents, isomerization, or interaction with other macromolecules. That the electrophoretic heterogeneity of C4 does not result from these phenomena is supported by two points previously discussed: the fact that multiple patterns could be seen on the same run with obviously identical buffer conditions, and the retention of the characteristic mobility of a given C4 after isolation and remixture with C4 of a different mobility.
The observation that C4 is frequently partially converted to C4i during agarose electrophoresis is not surprising, despite the fact that Alper and Propp (3) observed no conversion of C3 in fresh serum run on agarose electrophoresis even with calcium-containing buffers. Thati the hemolytically inactive, more anodal C4 peak produced by short electrophoresis of fresh serum (Fig. 1) (-17) or when' its activation is prevented by the presence of EDTA (20) . The reasons for the failure of C3 to convert to C3i under the same conditions that frequently produce conversion of C4 to C4i are probably related to differences in the rates of these reactions. The extremely rapid rate at which C4 is converted to C4i by even small amounts of C! (21) may enable this reaction to take place before electrophoretic separation of the reactants occurs. The formation of the C42 complex necessary to cleave C3 in the hemolytic reaction sequence requires Mg' (22) , and it is possible that the Mg' present in serum may be removed electrophoretically before this activation can occur.
The evidence regarding difference in functional efficiency among the subtypes of C4 is noteworthy. Alper and Propp observed no differences in functional activity of the allotypes of C3 (3), but molecular titrations were not done. The fact that the inactive conversion products, C4i, of electrophoretically different C4 subtypes also manifested distinct mobilities suggests that the differences in the mobilities of the starting materials do not represent varying degrees of inactivation. If the latter were the case, it might be expected that total conversion of the different C4 subtypes would yield identical rather than unique mobilities. One consideration yet to be ruled out involves the possibility that the structural change giving rise to the electrophoretic heterogeneity might affect the protein estimation by radial immunodiffusion. If, in fact, the functional differences observed are related to the structural changes responsible for the electrophoretic variability, one would suppose from the relatively small changes in function that the amino acid substitutions are not at the active site.
The mode of inheritance of the polymorphism of C4 appears to be more complex than the multiple allelic systems reported for C3 (3, 4) or transferrin (23) . In the C3 system, a single locus, presumably controlling the synthesis of one of the peptide chains of C3, accounts for all the polymorphism so far observed. The partial deficiency of C3 in the family reported by Alper, Propp, Klemperer, and Rosen (10) appeared to be controlled by an allele at the same locus. A similar situation appears to exist for the polymorphism and deficiency of serum ai-antitrypsin (24) . There are insufficient family studies at this time to permit firm conclusions as to the inheritance of the C4 polymorphism described. Nonetheless, the data that are available are consistent with the interpretation that subtypes A and A1 are controlled by allelic genes, and that these genes are not allelic with that controlling subtype C. Each of these loci appears to be autosomal in location. The supposition that A and A1 are governed by allelic genes is based entirely on the observation that whenever subtype A1 appears (families Gol and Gra) it apparently replaces part of the A peak, but never the C peak (Fig. 8) . Individuals having pattern 7 could be considered heterozygous for genes controlling A and A1, whereas pattern 6 individuals would be homozygous for the gene leading to A1. The supposition that these genes are not alleles of the gene controlling production of subtype C is based upon the preceding point, as well as the relative rarity of unimodal patterns 2 and 3, containing only subtypes A and C, respectively, compared to the frequency of the bimodal patterns 1, 4, and 5, containing both subtypes. This line of thought has led to the working hypothesis that C4 contains some peptide chains unique to each individual subtype A and C, and some chains common to all subtypes. A1 could then have arisen from a mutation in the gene controlling the peptide unique for A. Individuals with C4 of pattern 5 could carry, on one of their chromosomes, any of several conceivable types of genes reducing the quantity of the peptide unique to subtype A, while those with pattern 3 would be homozygous for this deficiency. A similar explanation could be invoked to account for patterns 4 and 2. Persons having pattern 1 could either have a normal gene for each unique chain on each chromosome, or carry one normal gene and one defective gene for each unique chain. Confirmation of this hypothesis or the development of a meaningful alternative hypothesis will require more genetic data, as well as further knowledge of the chemical structure of C4. The large size of the C4 molecule which has a molecular weight of 230,000 and an S°. of 10S (25) is consistent with the hypothesis that it consists of more than one peptide chain, but the exact number and size of the chains are unknown.
